Chemical non-equilibrium flow analysis of H2 fueled scramjet nozzle  by Huang, Yue et al.
Contents lists available at ScienceDirect
Case Studies in Thermal Engineering
Case Studies in Thermal Engineering 5 (2015) 89–97http://d
2214-15
(http://c
n Corr
E-mjournal homepage: www.elsevier.com/locate/csiteChemical non-equilibrium flow analysis of H2 fueled scramjet
nozzle
Yue Huang, Peiyong Wang n, Yang Dou, Fei Xing
Department of Aeronautics, Physics Building Room 313, Xiamen University, Xiamen, Fujian, 361005, Chinaa r t i c l e i n f o
Article history:
Received 12 December 2014
Received in revised form
7 February 2015
Accepted 10 February 2015
Available online 11 February 2015
Keywords:
Scramjet nozzle
Frozen flow
Equilibrium flow
Non-Equilibrium flowx.doi.org/10.1016/j.csite.2015.02.002
7X/& 2015 The Authors. Published by Elsevi
reativecommons.org/licenses/by-nc-nd/4.0/)
esponding author.
ail address: peiyong.wang@xmu.edu.cn (P. Wa b s t r a c t
A numerical analysis of the chemical non-equilibrium phenomena in a scramjet nozzle
has been performed using CHEMKIN software. Different operating conditions of the Hy-
shot scramjet nozzle were simulated and analyzed. Three chemical status, frozen flow,
equilibrium flow, and non-equilibrium flow, were tested and compared to demonstrate
the chemical reaction effect on nozzle flow field. The real non-equilibrium flow simulation
result is between those of the two limiting cases: frozen flow and equilibrium flow, and is
closer to that of frozen flow. With complete combustion condition at nozzle inlet, the
radical recombination reaction releases tremendous amount of heat and this heat is
mainly used to increases gas temperature and has only slight increasing effect on thrust.
With incomplete combustion condition at nozzle inlet, both combustion reaction and
radical recombination occur in the nozzle, the effect of reaction heat release on thrust
depends on the degree of combustion completeness at nozzle inlet, it could increase
thrust tremendously compared to frozen flow.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Scramjet propulsion is a promising technology capable of reaching hypersonic speed. Nozzle is an important component
of Scramjet engine, which is responsible for producing a major part of the thrust [1]. Chemical reaction inside a nozzle
comes from two sources: 1, the unburned fuel in combustion chamber (if there is any) will continue their combustion
reaction; 2, the dissociated species of combustion product, i.e., radicals, will recombine due to the rapid temperature drop
inside the nozzle. Both reactions are with finite chemical reaction rate. However, due to large computational cost associated
with finite rate reaction (especially for heavy hydrocarbon fuels), the simplified approaches without reaction rate calculation
are usually used: 1, chemically frozen flow: the gas composition in the nozzle is chemically frozen, i.e. there is no reaction
and heat release inside the nozzle; 2, chemical equilibrium flow: the gas adjusts its composition according to local tem-
perature and pressure instantly. The chemically frozen and chemical equilibrium flows correspond to the lower and upper
limits of reaction where reaction rate is zero and infinite respectively; they do not require the slow and complicated finite
rate chemical reaction calculation. Non-equilibrium flow is the real condition inside the nozzle and it is between the two
limits.
The non-equilibrium nozzle flow requires three-dimensional simulation with finite rate reaction; this method is pro-
hibitive because of the huge computational resource requirement, thus simple one-dimensional simulation is often used forer Ltd. This is an open access article under the CC BY-NC-ND license
.
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Y. Huang et al. / Case Studies in Thermal Engineering 5 (2015) 89–9790nozzle non-equilibrium flow simulation. One-dimensional nozzle simulations with finite rate chemistry have been per-
formed by Stalker et al. [1], Sangiovanni et al. [2], Ha [3], and Thomas et al. [4], to evaluate the role of non-equilibrium
chemistry on the performance of hypersonic nozzle. Different from the previous researches, this paper focuses on two new
aspects: 1, the quantitative relationship among non-equilibrium flow, frozen flow, and equilibrium flow; 2, the influence of
combustion incompleteness on the nozzle flow field.2. Numerical method
The PLUG code of CHEMKIN is used to simulate the expansion process in hypersonic nozzle. The PLUG code solves the
one-dimensional ordinary differential equations for an internal flow with variable cross section area. In the axial direction,
the PLUG code only considers convection and ignores the axial diffusion; due to high flow speed, the axial convection is
much more than the axial diffusion, this treatment is consistent with the real physics of the hypersonic nozzle flow.
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where ρ is the density; u is the axial velocity of the gas; A is the cross-section area of the nozzle; P is the pressure; R is the
universal gas constant; T is the gas temperature; Cp¯ is the mean specific heat capacity; Wk, Yk, and hk
o
are the molecular
weight, the mass fraction, and the enthalpy of formation of species k respectively; kω̇ is the reaction rate of species k. The 12
species and 21 steps H2/air UCSD mechanism [5] is used for the non-equilibrium flow simulation. The reaction rates of all
reactions are multiplied by 108 for the equilibrium flow simulation (normally, the local equilibrium condition is calculated
with equilibrium constant, no chemical reaction calculation is needed; the calculation with infinitely fast chemistry will also
give out equilibrium result). The reaction rates of all reactions are 0 for the frozen flow simulation.
The fuel (H2) and oxidizer (air) mixing, shock wave compression, and turbulent combustion are coupled in combustion
chamber of scramjet engine; therefore, it is hard to know the exact nozzle inlet condition. In this study, the actual coupling
process before the nozzle inlet is divided into an assumed serial process: fuel and air are uniformly mixed after H2 is injected
into the combustion chamber, the uniform premixture (equivalent ratio is Φ) is gradually pressurized and heated to Pin and
T1 through shock waves, then the temperature of mixture rises to Tin by constant pressure combustion (complete or in-
complete combustion). When H2/air mixture is completely combusted at nozzle inlet, the equilibrium composition Yin and
temperature Tin of combustion product are calculated using the EQUIL package of CHEMKIN with the initial temperature of
T1, pressure of Pin, and equivalent ratio Φ. When H2/air mixture is incompletely combusted at nozzle inlet, the transient
homogeneous combustion history of the mixture needs to be known and is calculated with the SENKIN package of
CHEMKIN. From the results of SENKIN, we can define the degree of combustion completeness based on the temperature
history, αT¼(TTinitial)/(TequilTinitial). The subscript “initial” denotes the initial state, i.e., the state at t¼0; subscript “equil”
denotes the final state of complete combustion, i.e., the final equilibrium state. If αT is specified, the corresponding gas
temperature and composition molar fraction can be obtained from the SENKIN simulation result and then are used in the
PLUG simulation as the inlet condition. For quantitative description of the level of non-equilibrium status, a degree of
equilibrium is defined as Γφ¼(φnon-equil-φfrozen)/(φequil-φfrozen), where φ is the flow variable such as temperature, pressure,
velocity, or molar fraction of species. Since frozen flow are often used to calculate nozzle performance, an augmentation
percentage is also defined here εφ¼(φnon-equilφfrozen)/φfrozen to reflect the nozzle performance gain compared to frozen
flow.
Hyshot scramjet nozzle is chosen as the object [6], whose geometry is shown in Fig. 1.
Fig. 1. Geometry of Hyshot scramjet nozzle.
Table 1
Inlet condition of the nozzle (Case 1).
Main Vin (m/s) Φ Pin (atm) T1 (K) Tin (K) αT
1.5 1771.9 1 1 2020 3000 100%
Table 2
Calculated outlet result of the nozzle (Case 1).
Vout (m/s) Tout (K) Pout (atm)
Equilibrium 2757.4 2419.8 0.100
Frozen 2745.6 1728.6 0.076
Non-equilibrium 2750.5 1898.9 0.082
Γφ 0.415 0.246 0.265
εφ 0.18% 9.85% 7.89%
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3.1. Complete combustion at the nozzle inletCase 1 : the inlet condition for Case 1 is summarized in Table 1 and the calculated outlet result is summarized in Table 2.
The inlet parameters Main,Φ, Pin, Tin, and αT are specified; Vin is calculated based on Main and the sound speed of the nozzle
inlet mixture; T1 is tried out in EQUIL with givenΦ and Pin to match Tin. The specification ofMain,Φ, Pin, and Tin are based on
the CFD simulation result of the Hyshot scramjet [7] and the real flight expectation. For the tested combustion case of the
Hyshot scramjet, the simulation result at the nozzle inlet shows non-uniform distributions of the flow variables withMain in
the range of 1.2–3.8 (outside the boundary layer), Pin in the range of 1.5–2.5 atm, Tin in the range of 1500–3100 K, Φ in the
range of 0.0–2.5, and αT in the range of 0–100% [7]. Pin is reduced to represent the higher flight altitude than that of the
Hyshot test (the Hyshot scramjet inlet pressure corresponds to the flight altitude around 17 Km).
The profiles of temperature, pressure, and velocity variation with axial distance are shown in Fig. 2. It is clearly seen that
the real non-equilibrium result is between the two limit results (frozen and equilibrium) for all the flow variables. For
velocity, the three curves are almost identical meaning that the chemical status inside the nozzle has negligible influence on
the nozzle velocity profile; the nozzle exit velocity augmentation percentage is only 0.18%. The chemical status in the nozzle
has slight influence on the nozzle pressure distribution as shown in Fig. 2. However, it is observed that the temperature is
significantly influenced by chemical reaction. The temperature difference at the nozzle exit of the two limit results is as
much as 691.2 K. For equilibrium flow, the dissociated radicals of combustion product, mainly H and OH, recombine rapidly
to H2O when the flow expands and the temperature drops; this process releases enormous chemical energy, but this energy
obviously converts to thermal energy of the gas to increase the gas temperature, only tiny part of it converts to mechanical
energy to increase the velocity and pressure; its contribution to thrust is small. The real non-equilibrium temperature at the
nozzle exit is 520.9 K lower than the equilibrium temperature meaning that only small part of the radicals are reacted. The
augmentation percentage of temperature is still small, less than 10%.
The nozzle thrust is determined by the gas momentum at the nozzle exit and the pressure distribution on the nozzle
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Fig. 2. Flow variables variation with axial distance for Case 1. (a) Velocity and pressure variation with axial distance for Case 1. (b) Temperature variation
with axial distance for Case 1. (c) Pressure augmentation percentage εp variation with axial distance for Case 1.
Table 3
Inlet condition of the nozzle (Case 2).
Main Vin (m/s) Φ Pin (atm) T1 (K) Tin (K) αT
4 3992 0.5 4 1351.7 2500 100%
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Table 4
Calculated outlet result of the nozzle (Case 2).
Vout (m/s) Tout (K) Pout (atm)
Equilibrium 4318 1661.3 0.5
Frozen 4316.6 1586.5 0.48
Non-equilibrium 4316.6 1625.1 0.49
Γφ 0.0 0.516 0.5
εφ 0.0% 2.1% 3.3%
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Fig. 3. Flow variables variation with axial distance for Case 2. (a) Velocity and pressure variation with axial distance for Case 2. (b) Temperature variation
with axial distance for Case 2.
Y. Huang et al. / Case Studies in Thermal Engineering 5 (2015) 89–97 93wall. The local pressure augmentation percentage along the axial direction is presented in Fig. 2. The maximum pressure
augmentation percentage occurs at the nozzle exit with the value 7.89% and the momentum augmentation percentage is
negligible at the nozzle exit. Overall, the real condition is closer to the frozen condition, using frozen flow assumption to
calculate thrust underestimates the thrust slightly.
Case 2 : The inlet condition and the calculated outlet result of Case 2 are summarized in Table 3 and Table 4 respectively. Pin
and Main are more than their upper limits mentioned above; they are increased to represent the higher flight Mach number
and stronger shock wave compression than those of the Hyshot test. Compared to Case 1, the inlet velocity is much higher
meaning much lower residence time of the gas inside the nozzle, also the inlet temperature is lower meaning less dis-
sociation of combustion product and less radicals. Consequently, the pressure and velocity profiles of the three conditions
are almost identical (Fig. 3a). The temperature difference between the frozen flow and the equilibrium flow is small (Fig. 3b)
Table 5
Inlet condition of the nozzle (Case 3).
Main Vin (m/s) Φ Pin (atm) T1 (K) Tin (K) αT
1.5 1728.5 1 1 2020 2755 75%
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Fig. 4. Temperature variation with time of the SENKIN simulation result.
Table 6
Calculated outlet result of the nozzle (Case 3).
Vout (m/s) Tout (K) Pout (atm)
Equilibrium 2733 2440.4 0.109
Frozen 2688 1562.8 0.076
Non-equilibrium 2708 1883.1 0.0892
Γφ 0.444 0.365 0.4
εφ 0.74% 20.5% 17.4%
Y. Huang et al. / Case Studies in Thermal Engineering 5 (2015) 89–9794because of less radicals and less residence time in the nozzle. The augmentation percentage of all three variables are much
less those of Case 1.
Except for the cases studied above, a variety of cases with the complete combustion inlet conditions covering the
equivalence ratio from 0.5 to 1.5, the Mach number from 1.5 to 4, the pressure from 1 atm to 4 atm, and the temperature
from 2500 K to 3000 K have been tested. The calculated augmentation percentage at the nozzle exit varies between 3.3%
and 7.9% for the pressure, between 0.0% and 0.2% for the velocity, and between 2.1% and 9.9% for the temperature.
3.2. Incomplete combustion condition at the nozzle inletCase 3 : the inlet condition is the same as Case 1 except for αT¼75%, so the inlet temperature, composition concentration,
and velocity (shown in Table 5) are different from those of Case 1. The calculated temperature history of the SENKIN
simulation with the initial condition of Pin, T1, and Φ is shown in Fig. 4 and the αT¼75% point is marked (square) on the
curve. The nozzle inlet and exit conditions are shown in Tables 5 and 6 respectively, and the profiles of the temperature,
velocity, and pressure are shown in Fig. 5. The incomplete combustion condition is more real for scramjet combustor be-
cause of the short residence time in combustor (short combustor length and high flow speed). The velocity and pressure
profiles of the frozen, equilibrium, and non-equilibrium flows show slight difference; at the nozzle inlet, the combustion is
completed instantly with equilibrium assumption resulting a jump of flow variables. The obvious temperature difference
among three conditions clearly demonstrates the contribution of combustion and radical recombination, the majority of the
heat release is also used to increase the gas internal energy. The augmentation percentage and the equilibrium degree of
pressure and temperature are much higher than those of Case 1. The real momentum flux at the nozzle exit still has
negligible difference with that of the frozen flow, however, the pressure on the wall is obviously higher than that of the
frozen flow (the nozzle exit pressure augmentation percentage is 17.4%) for this incomplete combustion inlet flow.
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Fig. 5. Flow variables variation with axial distance for Case 3. (a) Velocity and pressure variation with axial distance for Case 3. (b) Temperature variation
with axial distance for Case 3.
Table 7
Inlet condition of the nozzle (Case 4).
Main Vin (m/s) Φ Pin (atm) T1 (K) Tin (K) αT
1.5 1557.3 1 1 2020 2092 7.4%
Table 8
Calculated outlet result of the nozzle (Case 4).
Vout (m/s) Tout (K) Pout (atm)
Frozen 2387 1103 0.07
Non-equilibrium 2504 1964 0.1106
εφ 4.9% 78% 57.3%
Y. Huang et al. / Case Studies in Thermal Engineering 5 (2015) 89–97 95Case 4 : the inlet condition is the same as Case 1 except for Tα ¼7.4% (marked as circle on the curve in Fig. 4), the com-
bustion heat release is severely incomplete at the nozzle inlet (in fact, at this stage, the majority of H2 has been consumed
and converted to intermediate radicals, so the fuel is severely consumed but the temperature rise is small). The nozzle inlet
and exit conditions are shown in Tables 7 and 8 respectively (the combustion heat release around the nozzle inlet is so
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Y. Huang et al. / Case Studies in Thermal Engineering 5 (2015) 89–9796strong that significant increasing of reaction rate will cause convergence problem, so the equilibrium condition is not si-
mulated), and the profiles of the temperature, velocity, and pressure are shown in Fig. 6. Different from the previous cases,
the real non-equilibrium temperature curve shows a sharp increase with the axial distance indicating that the combustion is
very strong and it overcomes the temperature drop by expansion. For the similar reason, the pressure curve shows an
increasing part and the velocity curve shows a decreasing part around the nozzle inlet. For this case, the majority of
combustion heat release occurs in the nozzle, the chemical reaction condition now is very important for the thrust cal-
culation. For this severe condition, the exit pressure augmentation percentage is as high as 57.3% and even the exit velocity
augmentation cannot be ignored. Using frozen flow condition to calculate thrust will introduce tremendous error.4. Conclusions
Simulations of three chemical conditions have been carried out to study the effect of chemical reaction on the scramjet
nozzle performance. Different inlet velocity, temperature, and degree of combustion completeness have been tested to cover
the broad operating conditions of the nozzle. The main conclusions are as follows:(1) With complete combustion at the nozzle inlet, the radical recombination reaction occurs with finite rate chemistry
inside the nozzle and the heat release effect is very obvious. However, this energy is mainly used to increase the gas
temperature, the velocity gain is negligible and the pressure gain is slight. The calculation with chemically frozen as-
sumption will underestimate the thrust slightly. Increasing inlet velocity and decreasing inlet temperature make the
non-equilibrium result closer to that of the frozen flow.(2) With incomplete combustion at the nozzle inlet, the combustion and radical recombination both occur in the nozzle.
Y. Huang et al. / Case Studies in Thermal Engineering 5 (2015) 89–97 97The combustion mainly exists around the nozzle inlet region and lasts for a short distance. If the degree of combustion
completeness is large at the nozzle inlet, the combustion process has tiny influence on the exit velocity but its influence
on the exit pressure is obvious. If the degree of combustion completeness is small, major combustion heat release will
occur in the nozzle, the temperature, velocity, and pressure will not vary monotonically with the axial distance. The
difference between the real condition and the frozen condition is significant and the thrust calculation with frozen flow
approximation will introduce significant error.Acknowledgment
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